ABSTRACT. The developmental dynamics of DNA methylation events have been well studied. Active demethylation of the paternal genome occurs in the zygote, passive demethylation occurs during cleavage stages, and de novo methylation occurs by the blastocyst stage. It is believed that the paternal genome has lower levels of methylation during early development than the maternal genome. However, in this study, we provide direct and indirect evidence of genome-wide de novo DNA methylation of the paternal genome after the first cell cycle in mouse embryos. Although very little methylation was detected within the male pronucleus in zygotes, an intense methylation signal was clearly visible within the androgenetic 2-cell embryos. Moreover, the DNA methylation level of the paternal genome in the post-zygotic metaphase embryos was similar to that of the maternal genome. Using indirect immunofluorescence with an antibody to methylated lysine 9 in histone H3, we provided new evidence to support the concept of spatial compartmentalization of parental genomes in 2-cell mouse embryos. Nevertheless, the transient segregation of parental genomes was not observed by determining the DNA methylation distribution in De novo DNA methylation in 2-cell mouse embryos the 2-cell embryos even though DNA methylation asymmetry between the maternal and paternal pronucleus existed in the 1-cell stage. The disappearance of separate immunofluorescence signals of 5-methyl cytosine in the 2-cell embryos might be attributed to the de novo methylation of the paternal genome during the first mitotic cycle.
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INTRODUCTION
DNA methylation at CpG dinucleotides is a major epigenetic modification of the genome, it plays an important role in regulating of gene expression, and it is essential for normal mammalian development (Robertson, 2005) . Genomic methylation patterns in somatic differentiated cells are generally stable and heritable. However, genome-wide loss of DNA methylation is observed during early mouse development, reaching a low point during the blastocyst stage (Monk et al., 1987; Howlett and Reik, 1991; Kafri et al., 1992; Santos et al., 2002) .
The earliest phase of this demethylation is confined to the paternal pronucleus prior to DNA replication (Mayer et al., 2000a; Oswald et al., 2000; Santos et al., 2002) , and it has been described as "active" demethylation. The mechanism of active demethylation has been proposed recently, whereby 5-methylcytosine (5-MeC) is oxidized by ten-eleven translocation enzymes into 5-hydroxymethylcytosine (Guo et al., 2011; Ito et al., 2011) . The maternal genome is demethylated by a passive mechanism that depends on DNA replication. The decreased DNA methylation in preimplantation embryos is thought to be because of the absence of the maintenance methylase, Dnmt1 (Howlett and Reik, 1991; Monk et al., 1991; Carlson et al., 1992; Rougier et al., 1998) .
Although no direct evidence has been provided, it is believed that the paternal genome has lower methylation levels than the maternal genome during early development. However, in this study, we found that de novo DNA methylation occurred in androgenetic 2-cell embryos. The results suggested that de novo methylation of the paternal genome might happen during the passive demethylation of the maternal genome in early mouse development.
MATERIAL AND METHODS
All experiments were performed according to Nanjing Agricultural University Animal Care Committee guidelines, and all animal research was approved by the committee. All mice were killed by a standard protocol, and all efforts were made to minimize suffering.
In vitro fertilization and embryo cultures
Female ddY mice, 21-23 days old, were superovulated with 5 IU pregnant mare's serum gonadotropin, which was followed 48 h later with 5 IU human chorionic gonadotropin (hCG). Unfertilized metaphase II-arrested oocytes were collected in Whitten's medium from the ampullae of oviducts 14-15 h after hCG injection. Sperm were collected from the caudal epididymis of adult ICR males and were preincubated in Whitten's medium for 2 h in an atmosphere of 5% CO 2 , 95% air at 38°C. The oocytes were inseminated with capacitated sperm. Three hours after insemination, the fertilized oocytes were washed and cultured in CZB medium (Chatot et al., 1990) .
Parthenogenesis and androgenesis
Androgenetic embryos were prepared by fertilizing enucleated oocytes. Cumulusoocyte complexes were collected from the ampullae of oviducts 14-15 h after hCG injection and were placed in KSOM (Lawitts and Biggers, 1993 ) that contained 0.3 mg/mL bovine testicular hyaluronidase. After complete removal of the cumulus cells, the oocytes were transferred to a micromanipulation drop, which contained HEPES-buffered KSOM that was supplemented with 5 µg/mL cytochalasin B. The zona pellucida was permeabilized by a Piezo-impact-driven micromanipulator (Prime Tech Ltd, Ibaraki, Japan), and the metaphase II chromosomes were aspirated with a minimal volume of oocyte cytoplasm using a pipette. The enucleated oocytes were transferred to acidic MEMCO for a short time to dissolve the zona pellucida. Zona-free oocytes were cultured in Whitten's medium for 1 h to allow them to recover after zona pellucida removal, and they were then subjected to in vitro fertilization. Thirty minutes after insemination, the oocytes were washed and cultured in CZB medium. Parthenogenetically activated oocytes were prepared by exposing oocytes at the metaphase II stage to 7% ethanol in CZB for 6 min. In order to obtain diploid parthenogenetic embryos, the oocytes were cultured in CZB that contained 5 µg/mL cytochalasin B for 6 h and then were cultured in CZB.
Production of post-zygotic metaphase (PZM) embryos
A new protocol was used to produce the embryos that occurred after inhibiting the parental genomes from mingling and cytokinesis during the first cell cycle to form a single cell that contained male and female nuclei in a common cytoplasm (we called these embryos PZM). Embryos with 2 pronuclei 10 h after insemination were selected and cultured in CZB medium containing 0.5 mg/mL nocodazole to arrest the cell cycle at M phase. Four hours later, 8 mM 6-dimethylaminopurine (6-DMAP) was added to the medium. Nuclei formed after being cultured for 3 h in the presence of nocodazole and 6-DMAP. Then, the embryos were washed and cultured in CZB for 5 h before being subjected to immunocytochemistry.
Immunocytochemistry
Oocytes and embryos were washed in phosphate-buffered saline (PBS) that contained 3 mg/mL polyvinylpyrrolidone, fixed for 1 h in 3.7% paraformaldehyde in PBS, and permeabilized with 0.5% Triton X-100 in PBS for 20 min at room temperature. The cells were incubated for 1 h with a 1:200 dilution of the rabbit polyclonal antibody that recognizes dimethyl-lysine 9 on histone H3 (Upstate Biotechnology, Lake Placid, NY, USA) and a secondary fluorescein isothiocyanate (FITC)-conjugated antibody (Jackson Immunoresearch, West Grove, PA, USA). To detect 5-MeC, the cells were treated with 2 N HCl at room temperature for 30 min and were neutralized subsequently for 10 min with 100 mM Tris-HCl buffer, pH 8.5, after permeabilization. After extensive washing with 0.05% Tween-20 in PBS, the cells were incubated with anti-5-MeC antibodies (Eurogentec, Seraine, Belgium), followed by incubation with secondary FITC-conjugated antibody. DNA was stained with 3 µg/mL 4,6-diamidino-2-phenylindole (DAPI) for 20 min, and the cells were mounted on a glass slide in Vectashield anti-bleaching solution (Vector Laboratories, Burlingame, CA, USA). Fluorescence was detected using a Zeiss LSM700 laser-scanning confocal microscope.
RESULTS

Demethylation and de novo methylation of the paternal genome in early mouse embryos
Genomic methylation was visualized using indirect immunofluorescence with an antibody to 5-MeC. The reliability of this technique has been firmly established by a number of independent studies (Reynaud et al., 1992; Tweedie et al., 1997; Santos et al., 2002) . Previous studies showed the asymmetric loss of methylation by the male pronucleus after fertilization. The loss of paternal methylation begins very quickly after the removal of protamine, and the process of active demethylation takes place very rapidly, resulting in the almost complete loss of methylation from the male pronucleus. The maternal DNA is more highly methylated than the paternal DNA in zygotes moving through syngamy; however, the paternal genome does have a low but significant positive methylation signal at syngamy (Santos et al., 2002) . Does de novo methylation happen in the paternal genome during the first cell cycle? In an attempt to understand this process, we investigated the DNA methylation reprogramming in androgenetic and parthenogenetic embryos. In order to strictly compare and evaluate the methylation status of individual embryos during this phase, it was important that all stages were treated and stained together on the same slide. These results show that very little methylation was detected within the male pronucleus in zygotes; however, an intense signal was clearly visible within the androgenetic 2-cell embryos, demonstrating that de novo methylation of paternal genomes takes place after the first mitotic division (Figure 1 ). In addition, no de novo DNA methylation was observed in the paternal genome in the delayed 1-cell embryos that were treated with aphidicolin within 6-24 h of insemination (the embryos corresponded to G2 of the 2-cell stage). This suggested that the de novo DNA methylation of the paternal genome depended on the first cell cycle. Through observation of the methylation pattern of embryos, we also found that patterns of methylation staining throughout the nucleus were even, but an uneven distribution was observed in androgenetic 4-cell embryos.
Disappearance of asymmetric DNA methylation patterns between paternal and maternal genomes in PZM embryos
In order to confirm the result that de novo DNA methylation happened in the paternal genome after the first cell cycle, we examined the DNA methylation pattern in PZM embryos. As we described previously, PZM embryos occurred after inhibiting the parental genomes from mingling and cytokinesis during the first cell cycle to form a single cell that contained male and female nuclei in a common cytoplasm (Liu et al., 2005) . The 2 nuclei in PZM embryos were derived from the male and female genomes because the asymmetry of histone H3 lysine 9 (H3K9) methylation between the zygotic male and female pronuclei remained in the 2 nuclei. The DNA methylation fluorescence between paternal and maternal genomes in the PZM embryos was similar (Figure 2) , and this supported the finding that de novo DNA meth-ylation had taken placed in the paternal genome after the first cell cycle. Moreover, the de novo DNA methylation of the paternal genome did not depend on the cytokinesis of the first mitosis. 
Indirect evidence showing de novo DNA methylation of the paternal genome in 2-cell embryos
After fertilization, the paternal genome is demethylated by an active mechanism prior to DNA replication, and it results in asymmetric DNA methylation between the paternal and maternal genomes (Mayer et al., 2000a; Oswald et al., 2000; Santos et al., 2002) . Using indirect immunofluorescence with an antibody to 5-MeC, the topological separation of paternal and maternal genomes in early mouse embryos has been suggested (Mayer et al., 2000a,b) . A transient segregation of parental genomes is preserved up to the 4-cell embryo stage, and then it gradually disappeared. However, the concept of spatial separation of parental genomes is not supported by a more recent report that used the same antibody (Santos et al., 2002) . To argue the discrepancy, the succeeding researchers point out that the spatial separation of the parental genomes might result from a harsh fixation protocol. In the present study, the immunofluorescence of 5-MeC appeared evenly in the nuclei of 2-cell embryos without any evidence of spatial compartmentalization. However, we did observe spatial separation of the parental genomes in 2-cell mouse embryos using indirect immunofluorescence with an antibody to methylated H3K9. We used antibody that specifically recognized dimethylated H3K9 to examine the H3K9 methylation state in mouse early embryos. The male pronucleus was not stained or showed very weak fluorescence for H3K9 methylation, and the female pronucleus showed a clear methylation signal (Figure 3) . The asymmetric H3K9 methylation between the paternal genome and maternal genome persisted throughout the 1-cell stage of embryos. These observations were confirmed using parthenogenetic and androgenetic embryos (Liu et al., 2004) . Intense methylation fluorescence only appeared in parthenogenetic 2-cell embryos, and methylation fluorescence was not present or was very weak in androgenetic 2-cell embryos. In the normal 2-cell embryos, spatial separation of the H3K9 methylation distribution was observed in the present study; we also observed the spatial compartmentalization of the paternal and maternal genomes at anaphase of the first mitosis (Figure 3) . Our results supported the concept of spatial compartmentalization of parental genomes in 2-cell embryos; the disappearance of separate 5-MeC immunofluorescence signals in the 2-cell embryos might be attributed to the de novo methylation of the paternal genome during the first mitosis. De novo DNA methylation of paternal genome is confirmed by the distribution of parental genomes in 2-cell mouse embryos. Topological separation of paternal and maternal genomes in 2-cell mouse embryos has been observed by using indirect immunofluorescence with an antibody to methylated lysine 9 in histone H3. However, spatial separation of parental genomes becomes undetectable using antibody to DNA cytosine methylation (5-MeC). The disappearance of the separation might result from de novo DNA methylation of paternal genomes. The embryos were collected at 12, 17, and 24 h after insemination, designated as samples IVF 12 h, Anaphase, and IVF 24 h, respectively, and subjected to immunocytochemistry using the antibody against methylated histone H3 lysine 9, or the antibody against DNA cytosine methylation (5-MeC). The antibodies were localized with FITC-conjugated secondary antibodies (green), and the DNA was stained with DAPI (blue). The experiments were conducted at least two times and similar results were obtained.
DISCUSSION
The developmental dynamics of DNA methylation events have been well studied. Active demethylation of the paternal genome occurs in the zygote and is followed by passive demethylation during cleavage stages; de novo methylation occurs by the blastocyst stage. Although the active demethylation event results in the almost complete loss of methylation from the male pronucleus, there is a small but significant residual methylation signal in some but not all of the paternally derived chromosomes at syngamy (Santos et al., 2002) . Studies have also shown that parent-specific methylation imprinting of some genes is established during or after fertilization (El-Maarri et al., 2001; Pickard et al., 2001; Kim et al., 2004; Wossidlo et al., 2010) . These observations imply that de novo DNA methylation events of the paternal genome might happen after the first mitosis. In this study, we showed that genome-wide de novo DNA methylation of the paternal genome occurred after the first cell cycle. The de novo methylation reprogramming may have roles in imprinting, controlling gene expression, and establishing nuclear totipotency.
Several lines of evidence provided by Mayer et al. (2000a,b,c) suggest the existence of separate nuclear compartments for the paternal and maternal genomes during preimplantation development, when chromatin remodeling and epigenetic reprogramming occur. However, a discrepant result was reported by Santos et al. (2002) . Santos et al. argue that the different conclusions may be because of the preparative techniques, which employed a harsh fixation protocol that results in significant embryo loss. New evidence is required to confirm the concept of spatial separation of the parental genomes in mouse early embryos. Using immunofluorescence with antibody to methylated H3K9, we observed the spatial compartmentalization of the parental genomes. The role of the protocol to detect the H3K9 methylation state should be kept in mind because no special treatment was adopted in it. Separate nuclear compartments might be functionally important, involved in epigenetic reprogramming, and have important implications for the establishment of genetic totipotency in the early embryo. It may explain why attempts to clone animals often fail. The lack of asymmetry in a transplanted somatic cell nucleus might confuse the reprogramming machinery of the oocytes.
